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Silencing of RNA Polymerases II and Ill-Dependent 
Transcription by the KRAB Protein Domain of KOX1, 
a Kruppel-Type Zinc Finger Factor 
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Hans-JQrgen Thiesen 2 , Michael Hagmann 1 
and Walter Schaffner 1, * 
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The so-called KRAB domain, which is present in about 
one third of the vertebrate Kriippel-type zinc finger 
factors, has previously been shown to inhibit tran- 
scription in cis when tethered to promoter regions. 
Here we analyze this effect with fusions of the KRAB 
domain derived from KOX1/ZNF10 zinc finger protein 
to the heterologous DNA binding domains of both 
LcxA and GAL4 factors. In transf ected human cells, re- 
pression of reporter gene transcription is observed 
not only from proximal promoter positions, but also 
when KRAB is tethered to DNA at a remote position 
more than 1.8 kb downstream of the initiation site of 
transcription. Furthermore, KRAB-mediated silencing 
over short and long distances is not restricted to RNA 
polymerase II, since transcription by RNA polymerase 
III is also repressed. However, transcription by RNA 
polymerase I and by phage T7 RNA polymerase in 
mammalian cells are not significantly influenced by 
the KRAR domain. These latter results may indicate 
that repression by the KRAB domain, at least under our 
assay conditions, involves specific inhibition of some 
component(s) of RNA polymerase II and III transcrip- 
tion, rather than inducing some gross physical altera- 
tion of template chromatin structure. 
Keywords: Adenovirus VA RNA I / Phage RNA 
polymerase / Remote gene control / rRNA gene 
promoter / Silencer / Transcription repression, 



Introduction 

In all organisms studied so far, gene transcription can be 
positively and negatively regulated, Based on studies of 
bacterial repressors, the concept of steric hindrance, 
whereby RNA polymerase is denied access to the pro- 
moter because of repressor binding, has originally domi- 
nated all models or gene regulation. When eukaryotic 
genes were studied in more detail, it became apparent that 



positive regulation of gene activity is widespread. Unlike 
the situation in bacteria, eukaryotic RNA polymerase II con- 
not recognize a promoter by itself, but has to be guided to 
the initiation site by DNA-bound transactivators (Mitchell 
and Tjian, 1989). This is probably due to the fact that DNA 
is packaged into nucleosomes, hence a nonspecific tran- 
scriptional repression may represent the default state of 
eukaryotic gene expression (Svaren and Horz, 1996; how- 
ever, see also Beato er a/„ 1996). Even though it might, in 
principle, be sufficient to have eukaryotic transcription 
entirely regulated by an antagonism of histones versus ac- 
tivator proteins, the situation is much more complex. 
There is, e.g., evidence for different levels of chromatin 
structure: DNA methylation, a low degree of histone acety- 
iation, and high levels of histone H1 are correlated with 
a compact chromatin structure that can cover large chro- 
mosome segments. This so-called heterochromatin 
seems to ensure that the background level of transcription 
is reduced to a minimum (for review, see e.g. Edmondson 
era/. . 1 996; Felsenfeld. 1 996; Roth and Allis, 1 996; Stargcll 
and Struhl, 1996; Vanholde and Ziatanova. 1996). 

Some of the repressor/corepressor proteins of yeast, 
Drosophila and mammals act by interfering with the 
process of transcriptional initiation (Manna-Rose and 
Hansen, 1996), whereas the so-called Polycomb-group 
proteins, which are required for maintenance of the re- 
pressed state of the homeotic genes in Drosophila devel- 
opment and also are present in mammalian cells, most 
likely function by inducing the packaging of their target ge- 
nes into transcriptionally inactive heterochromatin (e.g.. 
Zink and Pare, 1995; Strutt et a/., 1997). The torm tran- 
scriptional silencing is often used to describe repression 
effects in eukaryotes. notably repression over long dis- 
tances as first described for the yeast mating type locus by 
K. Nasmyth and colleagues (Brand eta/., 1985). 

Eukaryotic repressors may principally act in three differ- 
ent ways: 

(i) By steric hindrance, similar to bacterial repressors; 

GO by specifically interfering with the assembly of a tunc • 
tional transcription initiation complex ('active repres- 
sion'; for review, see Hanna-Rose and Hansen, 1 996); 
or 

(iii) by nucieosome remodeling, e.g. by inducing changes 
in the state of histone acctylation and/or recruiting 
proteins that participate in establishment and main- 
tenance of an inaccessible chromatin structure (re- 
viewed, e.g.. in Kingston eta/.. 1996). 

Transcripiional silencing could in principle be brought 

about by mechanisms pi) and (iii). 
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About one third of the human zinc finger proteins of the 
Kruppel type (Cy$2 His2) contain at their N-terminus a 
conserved domain of about 75 aa, which is referred to as 
the Kruppel-associatsd hox (KRAE3) domain (Bellefroid et 
a/., 1991). It does not occur in yeast and probably not in 
Orosophite. suggesting its late appearance in evolution. 
The distinct spatial and temporal expression pattern of 
several KRAB domain-containing zinc finger factors may 
indicate an important role in cell differentiation and devel- 
opment, however, their actual function remains to.be 
elucidated (Bellefroid er a/., 1991, 1993'; Wltzgali et a/., 
1 993). The KRAB domain of the human zinc finger proteins 
KOX1 and Kid-1 have boon most extensively studied so 
far. When tethered to DNA, it confers a negative effect on 
gene transcription, which was demonstrated by fusing it 
to the heterologous DNA binding domain (DBD) of GAL4 
(Margolin eta/. , 1 994; Witzgall et ah . 1 993 and 1 994). It was 
found that the GAL4-KRAB fusion can silence transcrip- 
tion in a dose-dependent manner and over a long distance 
{Pengueefa/., 1994; Deuschleefa/., 1995). The strong re- 
pression potential of the KRAB domain has fed to a search 
for its cellular partners. Several groups, including ours, in- 
dependently found that the KRAB domain specifically in- 



teracts with a nuclear protein, TIFlp (also referred to as 
KAP1 or KRIP-1), which shows several structural features 
of chromatin-associaied proteins (Friedman ct a/., 1996; 
Le Douarin et a/. , 1 996; Moosmann et a/, . 1 99G; Kim et a/. , 
1 996). TIFlp, in turn, interacts with the mammalian hetero- 
chrornatin-associated factors HP1<v, MOD1 and MOD2 
(Koonineta/., 1995; Le Douarin otol., 1995). These find- 
ings suggested that the KRAB domain exerts its repres- 
sion via influencing the chromatin structure. 

in this study we have refined the analysis of position ef- 
fects of KRAB-mediated repression, and demonstrate a 
broad activity of the KRAB domain: it is able to repress 
transcription that is driven by several different activation 
domains fused to GAL4 and by a whole activator protein. 
Most remarkably, transcription of an RNA polymerase Ill- 
dependent gene is also repressed, whereas transcription 
by RNA polymerase I and by phage 17 RNA polymerase 
are refractory to KRAB-mediated repression. These latter 
findings argue against a general, physical inaccessibility 
of template DNA induced by the KRAB domain but are 
reminiscent of the action of the DR1/DRAP1 repressor 
which represses RNA pol II and III but not pol I transcrip- 
tion (White et ai , 1 994; Kim et aL , 1 997). 
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Fig. 1 Repression over Long Distances also Works with a KRAB-LcxA Fusion Protein. 

Two reporter yunws were tested in transiently transferee! HeLa cells, one with LexA upstream or downstream of QAIA sites (A) and (B), 
respectively. The DNA binding domains (DBD) : of LexA and CAL4 factors were fused to tha VP1 6* activation domain, or to the KRAB do- 
main. Combinations of chimeric factors were coexpressed as indicated. Strong activation resulted Irom coexpression of both Lex-VP 3nri 
GAL-VP (A and B, lanes 3), the DBDs of LexA and GAL4 did not contribute to activation (A and 8, lanes 2), KRAB abrogated transcrip- 
tion in both constellations (A and B, lane 4), Bardiagrains show expression levels of the reporter gene ({i-globin signal) normalized lo ex- 
pression levels of a colransfected reference gene (Westin et a/. , 1 987). 
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Fig. 2 KRAB Domain Represses Transcription Driven by Different Activators. 

(A) KRAB represses in two different promoter-proximal positions. While Lex-VP and GAL-VP activated synergistically {lane 2), both KRAB 
fusions repressed transcription from a reporter constant containing five GAL* upstream of two LcxA cites (lanes 5 and 6 vs. lanes 3 and 
A). (B) In the same way, the artificial activators composed of GAL4 DNA binding domain and the activation domains of NFkB (RcWp65 
subunit), pseudorabies (t|iR) immediate early and the bovine-herpes virus immediate early protein (BICP4), respectively, were repressed in 
their function (Janes 3. 6, 9 vs. 2, 5 and 8). A strong synergism was observed in combination with lex-VP 1 6 (lanes 1 , 4, and ?), whereas 
Lex(D6D) behaved neutral (lanes 2, 5 and 8 and data nol shown). As in (A), the reporter gene contained five GAL4 sites upstream of two 
LcxA sites, and was tested under coexpression or LexA fusion proteins, as indicaie.d. Transcripts starting further upstream, presumably 
at a pscudo- TATA box within the LcxA recognition sites, are indicated with f.s. {'raton start'). 



Results 

The KRAB Domain Silences Transcription over 
Large Distances, Independently of DNA Binding 
Site/Binding Domain 

We have tested the KRAB effect on synthetic promoters of 
the structure 4xLexA/ reporter gene / 5xGAL4. Promoter- 
bound lex-VP16 activator strongly activated transcrip- 
tion (Figure 1 A) and its activity was further boosted by con- 
comitant activation from a downstream position via 
GAL-VP16 factor. In this downstream position the GAL4 
DNA binding domain (DBD) behaved in a neutral manner, 
i.e., as if no QAL4 fusion factor was added at all. whereas 
Lex-VP16 activation from the promoter position was 
strongly reduced (down to 1/8th) by binding of GAL-KRAB 
in the remote enhancer position. Trie converse experi- 
ment, with two upstream GAL4 and four downstream 
LexA binding sites, yielded essentially the same result 
(Figure 1 B): activation from the promoter position exerted 
by GAL-VP1 6 was effectively blocked by enhancer-bound 
Lex-KRAB. Similar to the situation with GAL4 factors, Lex- 
VP16 activated further, whereas the Lex DBD behaved 
neutral from this remote position, 



Transcription under Control of Several Activator 
Domains Is Repressed 

Inaconfiguration: binding siteX/ binding site Y/TATA box. 
whereby X and Y were GAL4 and LexA binding sites, or 
vice versa, the KRAB domain inhibits transcription when 
tethered to DNA either upstream or downstream of the ac- 
tivating factor. In this experiment, five GAL4 sites followed 
by two LexA sites upstream of the TATA box were tested 
with the entire collection of LexA and GAL4 fusions (Fig- 
ure 2A). The results show that in both cases the KRAB do- 
main can effectively block transcription driven by nearby 
activating factors, irrespective of whether the KRAB do- 
main was fused to LexA or to GAL4 DBD (Figure 2A, lanes 
5 and 6. respectively). 

In further experiments we have shown that the tran- 
scriptional repression is general, rather than specifically 
depending on the herpes simplex virus VP1 6 activator. As 
Is seen in Figure 2B, we have tested further activation do- 
mains funcd to GAL4, namely the activation domain de- 
rived from the C-tenminus of NFkB p65 protein, and the 
strong acidic activation domains of immediate early pro- 
teins of pseudorabies (GAL-PRVIE) or bovine herpes virus 
(GAL-8ICP4) (Gstaiger er a/., 1994). All these activators 
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strongly boosted transcription, an effect further reinforced 
by the presence of Lex-VP1 6 fusion protein. The Lex DBD 
gave an intermediary level of transcription, while Lex-KRAB 
abrogated transcription stimulated by these activators. 

Transcription Boosted by the Pseudorabies Virus 
Immediate Early Coactivator fs Inhibited by the KRAB 
Domain 

In order to see whether the KRAB domain could exert the 
negative effect also on an entire activating protein- rather 
than chimeric proteins of the GAL and Lex type, we chose 
the major immediate early protein of pseudorabies virus, 
which is a very strong coactivator protein. As we have 
shown before, this immediate early protein is not only ac- 
tive on viral promoters but boosts the activity of a large 
collection of synthetic promoters that are driven by cellu- 
lar activators (TTiaii etaL , 1 990 and refs. therein). PRVIE in- 
deed activated transcription of an Spl site promoter to a 
high level (Figure 3). The presence of GAL : KRAB binding 
in the downstream enhancer position reduced this level 
to about 1/7th. As observed- in previous experiments, the 
GAL4 DBD had neither a positive nor a negative effect 
on transcription driven by Sp1 and PRV immediate early 
protein. 
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Fig. 3 The KRAB Domain Inhibits Transcriptional Activation by 
a General Herpes Viral Activator." 
Pseudorabies virus IE protein activates a minimal promoter con- 
sisting of a TATA box and Sp1 sites (lanes 2 and 0 vs. lane 1). 
Transcription is inhibited upon concomitant expression of a chi- 
meric protein containing the KRAB domain tethered to multiple 
GAL4 sites downstream of the p-globin reporter gene (lanes 4 and 
5), while no inhibition is scon when only the GAL* DDD is coex- 
pressed (lanes 6 and 7). 



The KRAB Domain also Represses RNA 
Polymerase III Transcription 

in yeast, mating type silencing has been shown to affect 
both RNA polymerase II and III transcription (Brand et al. , 
1 985; Schneli and Rine, 1 986), while the compressor com- 
plex TUP 1/SSN6 is known to repress transcription by RNA 
polymerase I and II, but not that by RNA polymerase III 
(Herschbach and Johnson, 1993). Therefore, we chose 
the adenovirus VA RNA I gene to test whether the KRAB 
domain would affect RNA polymerase HI driven transcrip- 
tion. In our standard experiments with RNA polymerase II, 
we had provided both the activator and the repressor from 
transf acted expression plasmids. However, in these RNA 
polymerase III experiments, only the KRAB repressor was 
transfected, while activation relied entirely on endoge- 
nous RNA polymerase III transcription factors. Under 
these conditions, activation had a headstart while the cell 
still had to produce enough GAL-KRAB protein for any 
repression effect to manifest itself. Furthermore, as had 
been demonstrated in vitro, RNA polymerase III can stay 
on the same template DNA for multiple rounds of tran- 
scription (Died and Sentenac, 1996), which would hinder 
any repression mechanism that would interfere with RNA 
polymerase recruitment. Indeed, the KRAB domain was 
also able to repress the VA RNA I transcription from bind- 
ing sites both upstream and approximately 1.B kb down- 
stream of the initiation site, as shown in Figure.4. In the 




B 



4L/5G 
VARNA gene 



S. I * 1 5 



signal 35? .. 




VArtMAK 



12 3 4 5 



1 2 3 4 $ 



Fig. 4 The KRAB Domain Represses RNA Polymerase III- 
Dependent Transcription of the Adenovirus VA RNA I Gene. 
The reporter gene was cloned in both orientations into a vector 
containing 4 LexA and 5 GAL4 binding sites near to and far from 
the insertion site, respectively. From both positions, the KRAB 
domain exerted a repression effect on the VA RNA I gene (e.g., 
lanes A2 vs. A3), A plasmld encoding {J-galacrosidase (LacZ) was 
used as a control. 
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Fig. 5 RNA Polymerase i-Pependent Transcription Is Refrac- 
tory to Repression by the KRAB Domain. 
A DNA segment containing the human rRNA promoter (white 
oval) was inserted upstream of two p-globin reporter genes That 
also Contained binding sites for Cither UxA repressor (A) or CAL-d 
protein (B) (for details see Materials and Methods). Human 293 
cells were transfected with these reporter genes, and transcript 
levels determined by the 51 nuclease protection assay, as before, 
Transcripts were determined in the presence of LexA or GAL4 
DNA-binding domain (DBD) (lanes 1), in The presence of Lsx- 
KRAB or GAL-KRAB fusion proteins {lanes 2), in absence of any 
GAL, protein (B, lane 3) or with GAL-KRAB fusion but using a re- 
porter gene with inverted RNA polymerase I promoter segment 
(A, lane 3 and B, lane 4). 

light of the arguments mentioned above, we observed that 
repression by the KRAB domain was moderate at shorter 
times and became more obvious after long (48 h) incuba- 
tion times (Figure 4 and data not shown). 

Transcription Directed by RNA Polymerase I or by: 
Phage T7 RNA Polymerase in Mammalian Cells is Not 
inhibited by the KRAB Domain 

The results with RNA polymerases II and lil could mean 
that the KRAB domain acted via a specific mechanism, 
such as a cofactor or subunit shared by both polymerases, 
or by a more general mechanism. To find out whether RNA 
polymerase I, which is responsible for rRNA gene tran- 
scription, or a heterologous phage RNA polymerase could 
be inhibited by the KRAB domain, we inserted the appro- 
priate promoters for RNA polymerase I and for the small, 
single subunit RNA polymerase of bacteriophage T7 up- 
stream of p-globin reporter genes That also contained 
binding sites for either LexA repressor or GAL4 protein. 
While RNA polymerase I shares somes subunHs and at 



least one cbfactor (TBP) with the other two RNA polyme- 
rases, the T7 RNA polymerase and its cognate promoter 
should represent a completely heterologous system. For 
this reason, the latter has been used before as a model 
system in eukaryotic cells and cell extracts (e.g., Chen e( 
a/., 1987; Fuerstefa/., 1986; Jenuwein era/., 1997;McCall 
and Bender, 1996; see Discussion). Curiously, we ob- 
tained only very weak signals in HeLa cells, Indicating in- 
stability of the transcripts of both Pol I and T7 RNA poly- 
merase, perhaps as a result of the missing cap structure 
(not shown; see also SmaleandTjian, 1 985 and Kuhn era/. 
1990). Fortunately! the problem was overcome by trans- 
fection into-human 293 cells. These cells behave normally 
with respect to KRAB silencing of RNA polymerase II tem- 
plates (not shown), We transfected 293 cells with reporter 
genes dependent on either RNA polymerase I or T7 RNA 
polymerase, and quantified transcripts two days later by 
£1 nuclease. In neither case was there any substantial 
influence of the KRAB domain on transcription (Figures 5 
and 6), unlike the findings with RNA polymerases II and III. 
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Fig; 6 The KRAB Domain Fails to Inhibit Transcription by Phage 
T7 RNA Polymerase in Mammalian Calls. 
A promoter for T? RNA polymerase (white box) was inserted up- 
stream of two J4- globin reporter genes that also contained binding 
sites for either LexA repressor (A) or GAL4 protein (B). Human ?93 
cells wore transfeciod with these reporter genes, and transcript 
levels determined. Lanes 1 . transcripts in absence of an expres- 
sion vedor encoding '17 polymerase (negative control). Lanes 
response to T7 RNA polym erase, in the presence of LexA orGAL4 
DNA-binding domain (DBD). Lanes 3, response to T7 polymerase 
in The presence of Lex-KRAB or GAL-KRAB fusion proteins. In an 
independent experiment, the same transcript level was also ob- 
served in the absence of any LexA or GAL4 cameras (not shown). 
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Discussion 

In its natural context, the-KRAB domain of the : KOXl/ 
ZNF10 zinc finger protein is located near the N-terminus. 
Similarly, about one third of all mammalian /jnc ringer pro- 
teins of the Kruppel type {Cys2 His2) harbour a KRAB-ro- 
laied domain in their N-terminal region. When tethered to 
DNA via a heterologous DNA binding domain, thisprotein 
domain strongly inhibits transcription from a nearby pro- 
moter. In our experiments, binding to DNA was achieved 
via either LexA repressor or GAL4, which contain DNA 
binding domains of the helix-turn-helix and iinc;cluster 
type, respectively. This indicates that the KRAR domain is 
ageneral repressing domain, ratherlhan being dependent 
on the greater protein context of a specific type of zinc fin* 
ger factor. 

The inhibition of transcription by the KRAB domain 
was a c/s-effect; expression' of the reference gene, for ex- 
ample, was not affected in any way by the presence of 
a large amount of KRAB domain in The cell (see also 
Moosmann et a/., 1996), We find il particularly interesting 
that the KRAB domain can efficiently silence transcription 
from a remote position at l ,8 kb downstream of the site of 
transcription initiation, downstream of the reporter gene 
(Figure 2). Silencing at a distance was also found by others 
(Pengue eta/., 1994; Deuschleeta/., 1995), howeverwrth- 
out mapping of the transcriptional start sites, which we 
consider necessary to rule out effects of read through 
transcription on a circular plasmid, We have shown in our 
study thai the KRAB domain can generally repress tran- 
scription, using different activation domains and distances 
to the initiation site. In addition, we have tested transcrip- 
tion by three other RNA polymerases, nameley RNA pol I, 
pol Hi and phage T7 polymerase. The data show that the 
KRAB domain does not repress any kind of transcription. 
Rather, it appears to interfere with proteins essential for 
transcription by RNA polymerases II and III and/or affect 
chroinatin structure in a selective manner. 

Therefore, an important question concerns thecellular 
partners of the KRAB domain. We and others have used a 
yeast system to select for KRAB-interacting proteins. One 
of these was identified as TlFl p, a protein of The RBCC 
(RING finger, B box, coiled coil) family. TIF1 p, like KRAB it- 
self, also represses transcription in transient transfections 
when tethered to template DNA (Friedman et a/., 1996; Le 
Douarin el a/ M 1996; Moosmann et a/., 1996; Kim ef al., 
1996). Interestingly, TIF1(i was isolated by the group of 
R. Losson and R Chambon'by virtue of its interaction with 
heterochromatin-enriched " proteins HPlnt, MODI and 
MOD2 (Le Douarin ef aL , 1 996). This connection, taken at 
face value, strongly favors a KRAB silencing mechanism 
via chromatin remodeling. However, the results with RNA 
polymerase I and with T7 RNA polymerase should caution 
us against a straightforward interpretation: Neither Lex- 
KRAB nor GAL-KRAB fusion proteins were able to signifi- 
cantly affect transcription from an RNA poi I or T7 pro- 
moter. The combination T7/promoter/T7 poiymerase has 
been used before in eukarydtes, as a heterologous system 



to probe for physical accessibility of template DNA. How- 
ever, these previous studies have yielded seemingly con- 
tradictory results. Recently it was found that chromatin 
extracted from inactive immunoglobulin genes strong- 
ly inhibited transcription from a built-in T7 promoter 
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Fig« 7 Mode! of KRAB Repression Mcchanism(s). 
(A, B) The KRAB domain, which is naturally pan of a zinc finger 
factor, audi as KOX1 or Kid-1 . can be tethered to DNA via hetero- 
logous binding sites. 11 then efficiently represses a promoter in ds 
even over large distances. (C) The KRAB domain interacts with 
TIF1 p (also termed KAP1 or KRIP1 . see text) and T1F1 a proteins, 
Both TIF1a and p are members of Ihc RBCC (RING finger, B box, 
coiled coil) family which by themselves can repress transcription 
when tcthored to DNA, as shown under (B) (Le Douarin ef a/., 
1996: Moosmann era/.. 1996). in this model, the zinc finger pro- 
tein KOX1 is assumed to be a DNA-binding protein, However, zinc 
fingers can also bo implicated in RNA binding, and recent data in- 
volve specific RNAs in transcriptional silencing (Herzing ef a/., 
1 997; Lee and Jaenisch, 1 997 and references therein) .(D) TIF I (u 
or p) factors bind heterochromatin-enriched components such 
as HP1a, MOD1 and MOD2 with a region neither involving their 
KRAB interaction domain nor their own repression domain (Le 
Douarin ef aL. 1 99S). TIF1 a and p may thus induce the formation 
of inactive chromati n, perhaps in addition to an 'active repression ' 
mechanism involving components of the transcription apparatus. 
It is presently not known whether the interaction of the KRAB 
domain with T1F1 proteins is a prerequisite for KRAB-mediated 
silencing. Also, the potential interplay, of KRAB/TIF proteins with 
nudeosomal structure, not Indicated In this model but thought to 
be crucial for inactive chromatin formation, remains to be Inves- 
tigated. 
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(Jenuwein era/., 1 997). By contrast, using a semiquantita- 
tive staining assay of whole Orosophtla embryos,? heTero* 
chromatin organized by Polycomb protein did notihamper 
expression of q p-galactosidase transgene driven by T7 
RNA polymerase (McCall and Bender, 1 996). As a jpo:;itjve 
control, in the same system, a strong repression effect was 
found on activation by GAL4 factor (see also Zink and 
Paro, 1995). However, even within Orosophifa t them are 
qualitative differences between telomeric and pericentric 
heterochromatin (Wallralh and Elgin, 1 995), This Indicates 
that not all typos of inactive chromatin are alike, arid could 
reconcile the seemingly conflicting results obtained so far. 
In any case, it seems possible that transcriptionally inac- 
tive chromatin structures are exerting specific inhibitory 
effects towards one or the other RNA polymerase^ rather 
than mounting a physical barrier that would generally in- 
hibit access to template DNA. 

In this context it seems worth mentioning thai the 
DR1/DRAP1 repressor that is conserved from yiear.t to 
man has a similar activity spectrum as the KRAB domain 
described in here, in that il blocks transcription by RNA 
polymerases II and 111 but not polymerase I (Whife e/ a/,, 
1994; Kim et aL 1997). DR1 binds to the TATA-binding 
protein TBP and blocks the interaction of TBP with poly- 
merase II- and polymerase Ill-specific factory Tven 
though TBP is an essential cofactor for transcription by ail 
three polymerases, the activity of RNA polymerase I is ap- 
parently not affected by DR1 . However, the KRAB (domain 
studied here is neitherfound in yeast proteins, nordo GAL- 
KRAB fusions silence yeast transcription, which indicates 
to us that the relation of KRAB do DR1 , if any. wou3d have 
evolved late in evolution. 

All data from different laboratories taken together, the 
KRAB domain probably exerts a specific, active repres- 
sion effect on both RNA polymerases II and HI, and in ad- 
dition it may also help to organize, under appropriate con- 
ditions, an inactive chromatin structure via interaction with 
TIF1 |i and the 'chromo shadow 1 domain proteins MOD1 , 
MOD2. and HP1 «, as depicted in the model of Figure 7, 



Materials and Methods 

Recombinant DNA work was done according to standard proto- 
cols. Details concerning construction of plasmids, which wore 
verified by sequencing, are available upon request (E-mail: Uleg 
Georgiev<ole©molbio2.unizh.ch>). 

Plasmid Construction 

The reporter gone constructs are based on the plasmid OVEC 
(Westin et a/.. 1987). They contain the respective binding sites 
either in upstream-' promoter' or in downsiroum-'eiihcincer* posi- 
tion (Hug cl ill , 1 D9S; Moosmann er a/. . 1 996: Seipel ef a/.j, 1 992). 
To construct pVA-OVEC t a 480 base pair Hind Id fragment con- 
taining the VA RNA I gene {Svensson and Akusjarvi. 1934) was 
cloned into the Psr I site of 4I75G OVEC and analyzed as de- 
scribed in Gerberero/. (1995). For the experiments with tin > "17 
RNA polymerase, a 30 nc fragment comprising the T7 promoter 
was cloned into OVEC vector lhat also contained rhe binding 
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sites for the respective regulatory factor. The mammalian T7 RNA 
polymerase expression vector was a kind gift of Dr. M. Billeter. 
Zurich . in the case of RNA polymerase ^dependent reporter con- 
stnicts, human spleen genomic DNA was amplified with rDNA- 
specific primers and the PCR products (-252 to +29 and -252 to 
+87) were cloned into the P$l I site of 4I75G OVEC. 

Transfection and RNA Analysis 

HeLa cells were grown under standard conditions and transfec- 
ted by the calcium phosphate coprecipitation method (Westin or 
a/., l9uY) with 5 of OVEC reporter plasmid, 3 of transac- 
tivalor ptesmid and 1 .5 ^g reference plasmid* The total amount 
of DNA transfected was adjusted with empty vector plasmid to 
20 \x,Q per 1 0 cm dish. OVEC-REF was used for reference with ex- 
ception of the experiments with the VA RNA I gene, where a con- 
stitutivoly active OVEC construct was used. After 36 hours of in- 
cubation, RNA was isolated according to Schreiberer at. (1968), 
and hybridized to a radiolabeled oligonucleotide (Westin e/ a/., 
1987). Hybridization was performed overnight at 30 V C. Hybridi- 
zation products were digested with 1 SOU S1 nuclease tor 1 hour 
and separated on a 10% denaturing polyacrylamide geL For 
quantification, dried gels were exposed to a phosphor storage 
screen nr autoradiographs were analyzed densitometrlcally 
(Molecular Dynamics, inc.). The signals dorived from the refer- 
ence transcripts were used to normalize for variability in the trans- 
feciion efficiency. Probably due to instability of uncapped tran- 
scripTs, only very weak signals were detected with RNA 
polymerase I and T7 RNA polymerase in HeLa cells, while in 293 
cells transcripts could be readily detected. 

Note Added in Proof 

We havf; verified the transcript bands marked in Figure 5 as 'Pol I 
starr' to represent genuine Pol I transcripts by virtue of their In- 
sensitivity to 2.S p,g/ml and even 25 i^g/ml ot-amanitin. conditions 
under which the Pol ll transcript of the reference gone has been 
eliminated. 
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